Abstract. In this study, the morphology of the oxygen greenline dayglow emission is presented. The volume emission rate pro®les are obtained by using Solomon's glow model. The glow model is updated in terms of recent cross sections, reaction rate coecients and quantum yield of greenline emission. Throughout most of the thermosphere the modelled and observed emission rates are in reasonably good agreement. In the region between 98 and 120 km, the modelled emission rates are substantially higher (about a factor of 1.7) than the observed emission rates. This discrepancy is discussed in terms of scaling of solar¯uxes which accounts the variation of solar activity for the day on which calculations are made. The modelled morphology of greenline emission is compared with those cases where WINDII data is available. The modelled and observed morphology is in reasonably good agreement at most of the latitudes above 120 km. In the mesosphere the qualitative nature of morphology is very similar to those of WINDII observation except the modelled emission rates are about a factor of 1.7 higher than the observed emission rates.
Introduction
In the recent years lot of attention has been paid to study the O( 1 S) dayglow emission (Singh and Tyagi 1997; Singh et al., 1996 Torr et al., 1993 Bates 1990 ; Akmaev and Shved 1980., Frederick et al., 1976; Feldman et al., 1971 ; Wallace and McElroy, 1966) . This emission provides the information about the variability of solar activity and atomic oxygen concentration in upper mesosphere and the thermosphere. The visible airglow experiment (VAE) on board atmosphere explorer (AE-C) satellite has provided valuable data for this emission in dayglow. Recently, the wind imaging interferometer (WINDII) on board the Upper Atmosphere Research Satellite (UARS) has provided extensive data which can be used to study the morphology of greenline emission in day time. A unique feature of the WINDII instrument is that it has provided the ®rst comprehensive set of measurements of the dayglow greenline emission throughout the 80 to 300 km region between 50 S and 50 N geographic latitudes. Solheim et al., (1993) have presented the morphology of greenline dayglow emission by using WINDII observations for some special cases. The morphological study of atomic oxygen greenline emission in day time is of great importance because it would provide information about the transport of atomic oxygen. The regions of tides can also be identi®ed from the morphology of greenline dayglow emission. Consequently, there is a need to develop a more comprehensive model so that one may present a more realistic picture of greenline dayglow emission.
Here we present the morphology of atomic oxygen greenline dayglow emission which is obtained using the glow model of Solomon (1992) . The glow model is updated by using more recent cross section data, reaction rate coecients and variation of solar¯uxes. The modelled morphology of greenline emission is compared with those cases where WINDII data is available.
Model
Mechanisms for the production of greenline dayglow emission have been discussed by several authors (Nardi 1991 Wallace and McElroy 1966 Three body recombination of atomic oxygen (Barth, 1964) .
where O Ã 2 represents an unidenti®ed excited state of molecular oxygen possibly
The glow model as developed by Solomon (1992) is used in the present calculations. We have included all the possible known sources of O 1 S production as discussed already. The atmospheric neutral densities and neutral temperatures have been used from MSIS-90 neutral model atmosphere (Hedin, 1991) . We have updated the Glow Model by using more appropriate O excitation and ionization cross sections, as given by Kanik et al. (1993) . Above 30 eV, these new cross sections are about a factor of 1.5 smaller than the cross sections used by Richards and Torr (1983) . The total electron impact cross sections for O have been modi®ed by taking into account the new O 1 D cross sections of Laher and Gilmore (1990) .
The transport of photoelectrons and conjugate point eects have been included in the calculations. The solar ux values used in the calculations are based on the full F74113 reference solar spectrum of Hinteregger (1977) which is scaled using parametrization method based on F10.7 (daily 10.7 cm solar¯ux) and F10.7A (81 days average 10.7 cm solar¯ux). For ionizing EUV, the bin structure method of Torr and Torr (1985) is used. The following equations are used for the scaling of solar¯ux.
where:
SFLUX is scaled solar¯ux, RFLUX is reference solar¯ux, 1 are scaling factors for solar Lyman b (1026 A ) chromospheric emission,
There are 59 values for each of 1 and 2 which correspond to 59 bins of solar spectrum (the values of 1 and 2 are given in subroutine SSFLUX of the glow model). Singh et al. (1996) have used the simple linear scaling of solar¯ux using the following expression pv pv Â F10X7a70 9
The scaling of solar spectrum in the present model is better than the scaling of Singh et al. (1996) because it accounts for the variation in solar¯ux more precisely in two regions of spectrum in the vicinity of 1026 A and 335 A . The ®rst region near 1026 A is important for the photodissociation of O 2 which results in production of O( 1 S) (reaction 5). The quantum yield of O( 1 S) from dissociative recombination of O 2 has been the subject of some discussion in recent years (Takahashi et al., 1990; Bates, 1990; Yee et al., 1989; Zipf., 1988; Guberman, 1987; Yee and Killeen, 1986; Bates and Zipf, 1980) . The eective recombination coecient for this process depends on various parameters such as the vibrational distribution of the O ion, the thermal electron temperature and the electron to neutral density ratio n(e)/n(O), Yee and Killeen (1986) have reported that quantum yield of O( 1 S) from the dissociative recombination of O 2 in the vibrational levels v 1 and 2 may vary between 0.09 and 0.23. Bates (1990) further reviewed the quantum yield problem, and, on the basis of that work, we divide the altitude region of interest into three parts each with a dierent value for the O 1 S) quantum yield. For the altitude region upto 120 km we have used a quantum yield of 0.1, between 120 and 140 km we used a value of 0.12 and above 140 km we adopted a value of 0.165. These values are found more appropriate to explain WINDII observations (Singh et al., 1996) . The N 2 (A 3 R u excitation cross sections are taken from the work of Trajmar et al. (1983) . The O( 1 S) production rates due to the N 2 (A 3 R u transfer reaction and dissociative recombination of O 2 are calculated using steadystate kinetics and the relevant reaction rate coecients (Singh et al., 1996) . Piper (1982) has measured a value of 0.75 for transfer from the v 0 level of N 2 (A 3 R u ), however, studies of O( 1 S) production in the aurora and airglow (McDade et al., 1985; Gattinger et al., 1985; Abreu and Yee, 1991) have suggested that a value of 0.75 is not appropriate for the other vibrational levels. We have therefore summed the N 2 (A 3 R u populations over the vibrational manifold and treated O( 1 S) quantum yield from energy transfer to atomic oxygen from N 2 (A 3 R u produced by photoelectron impact on molecular nitrogen as a variable parameter in glow model. Singh et al. (1996) have discussed some implications of O( 1 S) production due to photodissociation of O 2 by solar Lyman alpha. However, the results of this process are still uncertain due to nonavailability of a reliable quantum yield parameter. If one can assume this process is a source of O 1 S) with quantum yield of 0.012 (not veri®ed) then it may yield emission below 96 km and may be a dominant source below 92 km (Singh et al., 1996) . Consequently, due to these uncertainties in quantum yield parameter we have not included Lyman alpha in reaction 5. The photoabsorption cross sections and quantum yields for wavelengths (950 A ±1200 A ) are used from the work of Lawrence and McEwan (1973) .
The O 1 S) production rates due to the three body recombination process are calculated using the excitation parameters of McDade et al. (1986) which were obtained from simultaneous rocket measurements of greenline night glow and atomic oxygen densities.
Having calculated the total O( 1 S) production rates from the various sources discussed, the volume emission rates of greenline are obtained by taking into account all O( 1 S) loss processes as used by Singh et al. (1996) . All the relevant chemical reactions and rate coecients are given in Table 1 .
Results and discussion
For the purpose of examining how the present results of greenline dayglow emission rates can explain the WINDII measurements, we have selected a set of volume emission rate pro®les, calculated at various latitudes, during the months of January, April and May 1993 . The modelled and measured emission rates are compared in Fig. 1 along with the earlier results of Singh et al. (1996) . The individual components of O( 1 S) production are also shown in this ®gure. It is noticeable from the pro®les shown in Fig. 1 that the present results are in reasonably good agreement with the WINDII observation above 120 km. It can also be noted that the earlier modelled results of Singh et al. (1997) and the present results are also in good agreement (within 15%) above 120 km. For the case of April 2, 1993 we do not have Singh et al. (1986) model emission rates for comparison with the present results. The altitudes of the F-region peak as obtained in the present model generally agree with the observed peak. As far as the individual components are concerned, the photoelectron impact on atomic oxygen, energy transfer from N 2 (A 3 R u and dissociative recombination of O 2 are the important sources of O( 1 S) above 120 km. The contributions of the ®rst two sources to O( 1 S) are slightly less than (about 15%) those obtained by Singh et al. (1996) . This dierence is mainly due to the transport of photoelectrons which was not included by Singh et al. (1996) .
It is evident from Fig. 1 (Bilitza, 1986) and O 2 densities are calculated by using quadratic equations which are not quite compatible with each other as can be seen in Figs. 2, 3 . Consequently, a discontinuity exists at 200 km. The electron density above 200 km cannot be obtained using quadratic equations because the transport and diusion eects become very important at these altitudes (for more details the readers are refered to glow model). Further, if O 2 densities are also used from IRI model above 200 km in the present model the emission rates would decrease substantially and the agreement between the present results and the WINDII observations would further improve. In the region between 98 and 120 km, the present calculated emission rates are substantially larger than the WINDII observations for all cases. The present emission rates are about a factor of 1.7 larger than the observed values at mesospheric peak. Between 98 and 120 km the only major source of O( 1 S) production is photodissociation of molecular oxygen (as is evident from Fig. 1 ). The earlier results of Singh et al. (1996) for this process give much smaller values of emission rate than those of present emission rates. We have examined this dierence between two models by comparing the solar¯uxes which have been used to Singh et al. (1996) between 950 A and 1175 A are about a factor of 2 to 3 times smaller than the¯uxes which have been used in the present model. The reason for this discrepancy is scaling of solar¯uxes for dierent solar activities. The solar¯ux values used by Singh et al. (1996) in their calculations were based on the full F74113 solar spectrum of Hinteregger (1977) and were linearly scaled (Eq. 9) using the F10.7 radio¯uxes measured on the day of each set of WINDII observations. Although, the present model also uses the full F74113 reference solar spectrum of Hinteregger (1977) but the scaling procedure (Eq. 8) is quite dierent from that of Singh et al. (1986) . The present scaling gives larger values of solar¯uxes than those used by Singh et al. (1996) . Consequently, the present emission rates due to photodissociation of O 2 are about a factor of 3 larger than those of Singh et al. (1996) as shown in Fig. 4 . Similar results have also been found for other cases. Further, it is quite clear from the (1996) model could explain the WINDII observations in the region between 98 and 120 km. The main problem for this discrepancy arises from the scaling of solar uxes. This problem can only be resolved if the simultaneous measurements of solar¯uxes are available for the day on which measurements have been taken for O( 1 S) dayglow emission. We should mention here that the qualitative nature of emission rates obtained from both models is very similar to those observed by WINDII in this region. Consequently, a suitable correction factor to either model may reproduce the observed emission rates between 98 and 120 km. Between 90 and 98 km three body recombination process is the only major source of greenline emission. It is noticeable from Fig. 1 that the measured emission rates are substantially larger than the modelled emission rates in all cases. The present model also uses the same procedure to calculate emission rates due to three body recombination process as used by Singh et al. (1996) . This discrepancy has already been discussed by Singh et al. (1996) and is quite likely due to failure of the MSIS-90 model to reproduce the oxygen atom densities in this region. The comparison of the modelled emission rates with the WINDII observations, as discussed, clearly shows that the present model can be used to study the morphology of greenline dayglow emission. For the purpose of examining the extent to which the morphology obtained from WINDII data can be explained by the present model, we could only use two cases of WINDII for the comparison purpose. These cases are for the months of December, 1992/January/February/ 1993 and March/April 1993 at 10 h local time. Figures 5  and 6 show the comparison of measured and modelled volume emission rates for the months of December, 1992 to February 1993 . From these ®gures it is noticeable that measured and modelled volume emission rates are in reasonably good agreement at thermospheric altitudes. However, in the mesosphere, present modelled emission rates are higher (as discussed earlier) than the observed values and therefore outer contours are not closed as is found from WINDII data. If the calculated emission rates are reduced by a factor of about 1.7 then one can reproduce the WINDII morphology in the region between 98 and 120 km. Since three body recombination of atomic oxygen is the main source of O( 1 S) between 90 and 98 km and only involves oxygen densities in the calculation, it is quite likely, therefore that discrepancy in this region between measured and modelled emission rates may be due to failure of MSIS-90 model to reproduce the oxygen densities in this region (Singh et al., 1996) . A close examination of these ®gures reveals that the average calculated mesospheric peak (region of maximum emission rate) is located between 15 S and 0 latitudes, while average observed peak is located between 10 S and 0 latitudes. The calculated average thermospheric peak (region of maximum emission rate) is found at about 140 km and is located between 10 S and 15 S latitudes. Although the measured thermospheric peak is found more or less at the same altitude as that of modelled one it is located between 15 S and 30 S. Figures 7 and 8 show the comparison between measured and modelled volume emission rates for the months of March/April 1993 at 10 h local time. It is noticeable from these that the modelled morphology is in good agreement in thermospheric region while a discrepancy exists in the region between 98±120 km where calculated emission rates are substantially larger than the observed values. The calculated latitudinal spread of thermospheric and mesospheric peaks is found more or less at the same location as is found from WINDII data. At this juncture it is extremely dicult to explain the latitudinal discrepancy between modelled and observed mesospheric and thermospheric peaks for the months of December 1992/January/February 1993. Consequently, we would only suggest that one may include some of the processes such as transport of atomic oxygen and tidal eects in the present model and see their eects on these peaks. The tidal eects have been found prominent for this emission in nightglow (Shepherd et al., 1995) and one may also study tidal eects on the day glow emission. The analysis of the tidal eects goes beyond the scope of this study but will be the subject of a more comprehensive analysis of the full WINDII greenline dayglow database.
Conclusions
The morphology of O( 1 S) dayglow emission has been presented. The updated glow model has been used to obtain the volume emission rates of greenline dayglow emission. A comparison between the modelled and WINDII observation has been made for the only available data for two cases December 1992/January/ February 1993 and March/April 1993 at 10 h local time. The morphology obtained from the model is found to be in reasonably good agreement with WINDII observation at thermospheric altitudes (above 120 km). In the lower thermosphere and upper mesosphere the modelled emission rates are about a factor of 1.7 times higher than the measured values. This discrepancy has been discussed in terms of scaling of solar¯uxes which accounts for the solar activity for the day on which calculations are made. Further, it is suggested that the transport of atomic oxygen and tidal eects in the model may be considered and see if any eect is found on the emission rates.
